Clathrin-mediated endocytosis is a common pathway for viral entry, but little is known about the direct association of viral protein with clathrin in the cytoplasm. In this study, a putative clathrin box known to be conserved in clathrin adaptors was identified at the C terminus of the large hepatitis delta antigen (HDAg-L). Similar to clathrin adaptors, HDAg-L directly interacted with the N terminus of the clathrin heavy chain through the clathrin box. HDAg-L is a nucleocytoplasmic shuttle protein important for the assembly of hepatitis delta virus (HDV). Here, we demonstrated that brefeldin A and wortmannin, inhibitors of clathrinmediated exocytosis and endosomal trafficking, respectively, specifically blocked HDV assembly but had no effect on the assembly of the small surface antigen of hepatitis B virus. In addition, cytoplasm-localized HDAg-L inhibited the clathrin-mediated endocytosis of transferrin and the degradation of epidermal growth factor receptor. These results indicate that HDAg-L is a new clathrin adaptor-like protein, and it may be involved in the maturation and pathogenesis of HDV coinfection or superinfection with hepatitis B virus through interaction with clathrin.
Hepatitis delta virus (HDV) causes fulminant hepatitis and progressive chronic liver cirrhosis in patients superinfected or coinfected with hepatitis B virus (HBV) (1, 38) . HDV particles are enveloped by the HBV surface antigen (HBsAg) (22) , but replication of the viral genome is independent of the helper HBV (21) . The HDV genome is a single-stranded circular RNA molecule of approximately 1.7 kilobases that encodes the only known HDV protein, hepatitis delta antigen (HDAg). Two forms of HDAg, small HDAg (HDAg-S) and large HDAg (HDAg-L), which contain 195 (24 kDa) and 214 (27 kDa) amino acid residues, respectively, were detected in the livers and sera of HDV-infected patients (5, 49) . The HDAgs are translated from the same initiation codon of a single open reading frame (25) and share identical functional domains except for an additional 19-amino-acid motif at the C terminus of the HDAg-L resulting from RNA editing (33, 34) .
HDAg-S is essential for the replication of HDV RNA (21) , whereas HDAg-L is required for HDV assembly in a later stage of viral multiplication (4, 8) . The unique C-terminal domain of HDAg-L bears an isoprenylation motif (211-CRPQ-214). Isoprenylation and proline-rich motifs at the unique C terminus are important for the interaction of HDAg-L with HBsAg and the assembly of HDV (8, 9, 17, 20) . Both HDAg-S and HDAg-L possess nuclear localization signals (NLSs) spanning amino acid residues 35 to 88 and are mainly localized to the nucleus in the absence of HBsAg (6, 7) . Nevertheless, in the presence of small HBsAg, HDAg-L localizes to both the nucleus and the cytoplasm. A nuclear export signal (NES) at the unique C terminus of HDAg-L was identified (24) . Recently, we also identified a cellular protein, NESI, which specifically interacts with the NES of HDAg-L and is essential for HDAg-L-mediated nuclear export of HDV RNA (47) . Nevertheless, how and where cytoplasmic HDAg-L and HBsAg form HDV particles and exit are not clear.
HDV has been identified in certain HBV carriers for 30 years (39) . However, the mechanisms by which HDV infection contributes to clinical hepatitis are poorly understood. A number of studies have been carried out to examine the potential impact of HDAg expression on the phenotypes of cells, but the results were controversial. One suggested that overexpression of HDAg-S in the absence of HDV RNA replication has a direct cytotoxic effect that leads to apoptosis in a stably transfected cell line (26) . Another detected cell cycle arrest in insect cells that have been infected with HDAg-S recombinant baculovirus (18) . Nevertheless, transgenic mice expressing HDAg-S or HDAg-L alone showed little cellular injury (14, 32) . Several studies have indicated the possible role of nucleuslocalized HDAg-L as a cotransactivator (11, 12, 48) , but few reports, on the other hand, studied the effects of cytoplasmlocalized HDAg-L on host cells.
In this study, we intend to examine possible interactions between cytoplasm-localized HDAg-L and host factors and to elucidate possible mechanisms of HDAg-L involvement in the viral life cycle and the pathogenesis of HDV infection at the molecular level. The results demonstrated that HDAg-L directly interacted in vitro with the N-terminal domain of the clathrin heavy chain (CHC) through its putative clathrin box at the C terminus. The interaction of HDAg-L with CHC in the trans-Golgi network (TGN) facilitated the maturation of HDV-like particles (hepatitis delta VLPs) in cultured cells. In addition, cytoplasmic HDAg-L colocalized with CHC and induced an effective block on clathrin-mediated protein endocytosis and membrane trafficking. Previously, cirrhosis development without nodular regeneration was observed in HDVinfected hepatocytes (40) . Our finding regarding the inhibitory effects of HDAg-L on clathrin-mediated protein transport provides one of the possible mechanisms by which HDV is respon-sible for the growth defects of hepatocytes and for progressive chronic liver disease. (ii) pCMV-Tag2C-HDAgL, pCMV-Tag2C-HDAgS, pCMV-Tag2C-HDAgLd35/88, and pCMV-Tag2C-HDAgS-d35/88. Construction of plasmids pCMVTag2C-HDAgL and pCMV-Tag2C-HDAgS has been described previously (47) . For generation of plasmid pCMV-Tag2C-HDAgL-d35/88, a cDNA fragment that represents HDAg-L with an internal deletion from amino acid residues 35 to 88 (HDAg-L-d35/88) was obtained from plasmid pECEL-d35/88 (8) and cloned into plasmid pCMV-Tag2C (Stratagene). Plasmid pCMV-Tag2C-HDAgS-d35/88 was derived from pCMV-Tag2C-HDAgS by replacing the 0.5-kb SmaI fragment containing the N-terminal domain of HDAg-S with the 0.35-kb SmaI fragment derived from pCMV-Tag2C-HDAgL-d35/88.
MATERIALS AND METHODS

Plasmids
(iii) pET15b-CHC 1-107 . For construction of plasmid pET15b-CHC 1-107 , a cDNA fragment representing the N-terminal 107 amino acid residues of CHC with NdeI/BamHI recognition sequences at the ends was generated by reverse transcription-PCR from total RNA of HepG2 cells and cloned into the NdeI/ BamHI sites of plasmid pET-15b (Novagen). All the expression constructs described above have been verified by DNA sequencing.
Cell lines and DNA transfection. HepG2 and COS7 cells were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% heatinactivated fetal calf serum, 100 U/ml penicillin, and 100 g/ml streptomycin. COS7-L1 and COS7-S8 are stable cell lines that constitutively express HDAg-L and HDAg-S, respectively. The stable cell lines were maintained in culture medium containing 200 g G418/ml. DNA transfection was performed with cationic liposomes (Invitrogen) followed the procedures as described by the manufacturer.
Antibodies and fluorescence-conjugated reagents. Rabbit polyclonal antibodies specific to HDAgs were generated as described previously (6) and further purified over a protein G affinity column (Pierce). Goat polyclonal antibodies specific to HBsAg were from Dako. Mouse monoclonal antibodies against CHC and the glutathione S-transferase (GST) epitope were purchased from Transduction Laboratories and Sigma, respectively. Mouse monoclonal antibodies specific to the His epitope were from BD Biosciences Clontech. Rabbit polyclonal antibodies against Golgin-245 were generously provided by Fang-Jen Lee (National Taiwan University, Taipei, Taiwan). Mouse monoclonal antibodies to calnexin were from Affinity BioReagents. Alexa 594-conjugated cholera toxin (CTx) subunit B, Alexa 594-conjugated transferrin, Alexa 555-conjugated epidermal growth factor (EGF), and mouse monoclonal antibody specific to the transferrin receptor (TfR) were from Molecular Probes. Anti-EGF receptor (anti-EGFR) antibody was from Santa Cruz Biotechnology. Horseradish peroxidase-, fluorescein isothiocyanate-, and Cy3-conjugated secondary antibodies were purchased from Jackson ImmunoResearch Laboratories, Inc.
Protein purification from cultured cells and sucrose gradient fractionation. Total protein lysates were prepared from cultured cells following a lysis in phosphate-buffered saline (PBS) containing 1% Triton X-100 and protease inhibitor cocktail (1 mM phenylmethylsulfonyl fluoride, 10 g/ml aprotinin, 1 g/ml pepstatin A, 1 g/ml leupeptin). For fractionation, the cleared cell lysates were subjected to a 10% to 40% sucrose gradient centrifugation in PBS at 38,000 rpm for 18 h at 4°C in an SW41 Ti rotor (Beckman). Aliquots of fractions were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and examined by Western blot analysis.
Expression and purification of recombinant fusion proteins and GST pulldown assay. Expression of GST-and His-tagged fusion proteins in Escherichia coli BL21(DE3) was induced with 0.5 mM isopropyl-␤-D-thiogalactopyranoside. Following the induction, the bacterial cells were subjected to lysis by sonication in PBS supplemented with 1% Triton X-100 and separated into soluble and insoluble fractions by centrifugation. For further purification of the His-CHC protein, bacterial lysates loaded on a nickel-agarose column were eluted with solubilization buffer (100 mM Na 3 PO 4 , 10 mM Tris [pH 8 .0], 0.5% Triton X-100) containing 500 mM imidazole. Following a dialysis against PBS, the purity of the His-CHC 1-107 protein reached 95% (data not shown).
To perform a GST pull-down assay with glutathione-Sepharose 4B beads (GE Healthcare Bio-Sciences), bacterial lysates containing GST fusion proteins were coupled to the beads and incubated at 4°C overnight with the purified His-CHC protein or with cellular proteins prepared from HepG2 or COS7 cells. The protein-bound glutathione beads were washed with PBS containing 1% Triton X-100 and examined by Western blot analysis.
Immunofluorescence staining, coimmunoprecipitation, and Western blot analysis. Immunofluorescence staining (23) , coimmunoprecipitation (23) , and Western blot analysis (24) were performed as previously described.
Harvest of VLPs and determination of package activity. To determine the package activities of HDAg-L and HBsAg, HDV-and HBV-like particles were collected from culture media 4 days posttransfection, and the procedures were followed as described previously (24) .
Transferrin internalization assay. Forty-eight hours posttransfection, COS7 cells were starved in O PTI -MEM I (Invitrogen) for 20 min at 37°C. Alexa 594-conjugated transferrin at a concentration of 50 g/ml was added to the cells and incubated for additional 20 min at 37°C, followed by immunofluorescence staining. The intensities of the Alexa 594-conjugated transferrin images from 10 transfected cells were quantitated without changing the intensity setting for the laser and photomultiplier. The mean intensity of the signal from each cell was quantified with the software provided with the ImageMaster TotalLab version 1.00 analyzer (GE Healthcare Bio-Sciences).
EGFR degradation assay. Forty-eight hours posttransfection, COS7 cells were starved in O PTI -MEM I for 20 min at 37°C. Alexa 555-conjugated EGF at a concentration of 200 ng/ml was added to the cells and incubated for 20 min at 37°C. The cells were then washed with PBS and incubated in DMEM containing cycloheximide (10 g/ml) for 5 h or otherwise as indicated. Coimmunoprecipitation-Western blot analysis and immunofluorescence staining were performed to detect the expression of HDAgs and the degradation of internalized Alexa 555-conjugated EGF and EGFR. The intensities of the Alexa 555-conjugated EGF images from transfected cells were quantitated as described above for the quantitation of Alexa 594-conjugated transferrin images in the transferrin internalization assay.
RESULTS
Identification of CHC as an HDAg-L-interacting protein.
To identify the potential host proteins that have specific interactions with cytoplasm-localized HDAg-L, a GST pull-down assay was performed using a GST fusion protein encompassing the C-terminal domain of HDAg-L from amino acid residues 198 to 210 [GST-HDAg-L(198-210)] and protein lysates of human HepG2 cells. As shown in Fig. 1A , a protein with a molecular mass of 190 kDa (provisionally designated p190) was found to interact with GST-HDAg-L(198-210) but not with the GST control protein. The p190 protein was subjected to trypsin digestion and liquid chromatography-tandem mass spectrometry analysis. Spectra representing 11 independent tryptic fragments of 6 to 27 amino acid residues all identified the protein as CHC (data not shown). To further confirm the identity of the HDAg-L-interacting protein and the specificity of the protein interaction, monoclonal antibody specific to CHC was used to perform Western blot analysis following the GST pull-down reaction. The results clearly demonstrated a specific association between GST-HDAg-L(198-210) and endogenous CHC of mammalian cells (Fig. 1B) .
Clathrin is known to play direct roles in the genesis and trafficking of transport vesicles at membranes with distinctive vesicle proteins (28) . Clathrin-binding proteins, such as the adaptor proteins ␤-arrestins and amphiphysins, were identified to bind directly to CHC through the conserved clathrin box (LXD/E) that consists of polar amino acid residues flanked by hydrophobic and acidic amino acid residues (19) . Sequence comparison with the clathrin-binding proteins revealed a pu-tative clathrin box, 199-LFPAD-203, at the C terminus of HDAg-L (Fig. 1C) . Previous studies demonstrated that the N-terminal 100 amino acid residues are required for CHC to interact with the conserved clathrin box of its adaptor proteins (10) . To examine whether the N-terminal domain of CHC is responsible for the interaction between CHC and HDAg-L, a recombinant His-CHC 1-107 protein was generated, purified, and used to perform a pull-down assay with GST-HDAg-L(198-210). As shown in Fig. 1D , GST-HDAg-L(198-210) specifically pulled down the purified His-CHC . In addition, the specific interaction was abolished when L199A and D203A mutations were independently introduced into the conserved residues of the putative clathrin box of HDAg-L. These results indicate that HDAg-L interacts directly in vitro with the Nterminal domain of CHC (CHC ) through the clathrin box.
Colocalization of cytoplasmic HDAg-L with CHC in cytosol. Clathrin forms coated pits in the plasma membrane and coated vesicles throughout the cytoplasm of the cell (36, 43) . To examine the relative distribution of HDAgs and CHC in mammalian cells, COS7 cells were transfected independently with plasmids encoding wild-type HDAgs or cytoplasm-localized HDAgs, HDAg-L-d35/88, and HDAg-S-d35/88, from which the NLSs spanning amino acid residues 35 to 88 had been deleted. The expression of the HDAgs was examined under a confocal microscope (Fig. 2) . Consistent with our previous findings (24), both wild-type HDAg-L and HDAg-S localized to the nucleus ( Fig. 2A, panels i and ii) . In the presence of small HBsAg, a small fraction of HDAg-L relocalized to the cytoplasm, but this was not observed for HDAg-S (Fig. 2B , panels i and ii). While endogenous CHC is exclusively cytosolic, cytoplasmic HDAg-L colocalized with endogenous CHC (Fig. 2B, panel i) , but nucleus-localized HDAg-L and HDAg-S did not ( Fig. 2A , panels i and ii, and Fig. 2B, panel ii) . Similar to cytoplasm-localized wild-type HDAg-L as shown in Fig. 2B , panel i, NLS-deleted HDAg-L (HDAg-L-d35/88) colocalized with CHC in the cytoplasm independent of the presence of HBsAg ( Fig. 2A and B, panels iii) . On the other hand, colocalization of NLS-deleted HDAg-S (HDAg-S-d35/88) with sessing the clathrin box (Fig. 4A, lane 1) nor nucleus-localized wild-type HDAg-S and cytoplasm-localized HDAg-S-d35/88 lacking the clathrin box (Fig. 4A, lanes 2 and 4) formed complexes with CHC. In the presence of small HBsAg, cytoplasmlocalized wild-type HDAg-L was coimmunoprecipitated with endogenous CHC (Fig. 4B, lane 1) . Altogether, the colocalization and coimmunoprecipitation suggest the existence of a specific interaction between CHC and cytoplasmic HDAg-L in the same cellular compartment of mammalian cells. The interaction is dependent on the clathrin box and the cytoplasm localization of HDAg-L.
Sucrose gradient centrifugation was applied to further investigate the association of CHC and HDAg-L. Protein lysates were prepared from an HDAg-L stable cell line (L1 cells), an HDAg-S stable cell line (S8 cells), and the parental COS7 cells in the presence or absence of HBsAg. Following fractionation, Western blot analysis was carried out with antibodies against CHC, HDAgs, and TfR known to be concentrated constitutively in clathrin-coated pits. As shown in Fig. 4C , endogenous CHC was detected universally from fractions 6 to 9, with the peak at fraction 7, for all cell lines and conditions examined. TfR had a broad range of distribution while enriched in the CHC-containing fractions. In the absence of small HBsAg, both wild-type HDAg-L and HDAg-S were distributed widely from fractions 11 to 18, a pattern independent of the distribution of CHC. Interestingly, distribution of wild-type HDAg-L, but not HDAg-S, became enriched in CHC and TfR-codistributed fractions 7 and 8 when small HBsAg was coexpressed (Fig. 4C, middle and bottom panels) . The cosedimentation of HDAg-L and CHC in the presence of small HBsAg is in agreement with the observations that HDAg-L colocalized (Fig. 2B , panel i) and interacted with endogenous CHC in mammalian cells (Fig. 4B) . The results also indicate an association between the CHC-HDAg-L complex and clathrin-coated pits.
Effects of chlorpromazine, BFA, and wortmannin on HDV assembly. To examine potential roles for CHC in regulating the assembly of HDV, inhibitors that block the clathrin-mediated protein transport pathway at different steps were applied: were transfected with plasmid encoding small HBsAg. Three days posttransfection, total cell lysates were prepared and separated on a 10% to 40% sucrose gradient. Cells without coexpression of HBsAg were analyzed in parallel as controls. Aliquots of individual fractions were resolved by sodium dodecyl sulfate-polyacrylamide gel electrophoresis and analyzed by Western blotting with antibodies against CHC, HDAgs, and TfR as indicated.
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on October 15, 2017 by guest http://jvi.asm.org/ (i) brefeldin A (BFA), which induces changes in Golgi structure and inhibits recruitment of cytosolic clathrin adaptors onto Golgi membranes; (ii) wortmannin, which can dramatically reduce the number of internal endosome vesicles (42); and (iii) chlorpromazine, which affects the assembly of the clathrin-coated pit at the plasma membrane and is an inhibitor of clathrin-mediated endocytosis (46) . As shown in Fig. 5A , CHC and NLS-deleted HDAg-L remained to be colocalized at the perinucleus when cells were pretreated with chlorpromazine (Fig. 5A, panel ii) , but the distribution at other areas of the cytoplasm was less than that for the untreated cells (Fig.  5A, panel i) . These results indicate that chlorpromazine may have effects on the colocalization of cytoplasmic HDAg-L and CHC on the plasma membrane but not TGN. On the other hand, when BFA, which blocks protein export from TGN, was used to treat the transfected cells, the perinuclear colocalization pattern was disrupted (Fig. 5A, panel iii) . In addition, wortmannin-treated cells showed a mislocalization of NLSdeleted HDAg-L and failed to be codistributed with endogenous CHC in the cytoplasm (Fig. 5A, panel iv) . Taken together, these data indicate a strong association between cytoplasm-localized HDAg-L and CHC at TGN. The effects of the inhibitors on the assembly of HDV were further addressed by treating cells coexpressing HDAg-L and small HBsAg with the inhibitors and examining the presence of hepatitis delta VLPs in culture media. As shown in Fig. 5B , chlorpromazine had little effect on the generation of VLPs as detected by the level of HDAg-L present in the culture media. In contrast, the package activity decreased to about 26% in wortmannin-treated cells and to about 9% in BFA-treated cells ( Fig. 5B and C) . The effects of BFA and wortmannin on HDV assembly correlated with the inhibitory effects of the inhibitors on the interaction between HDAg-L and CHC as detected by coimmunoprecipitation experiments (data not shown). Taken together, these results indicate that colocalization of CHC and HDAg-L at TGN and endosomes is important for HDV maturation. Interestingly, none of the inhibitors interfered with the assembly of hepatitis B VLPs (Fig. 5B) .
Cytoplasm-localized HDAg-L interferes with clathrin-mediated endocytosis of transferrin. Clathrin is known to be involved in receptor-mediated endocytosis on the plasma mem- brane and vesicle transport from the TGN to the lysosome (43) . Since transferrin is a well-studied ligand that is endocytosed through the clathrin-coated pits (28), a transferrin uptake assay was performed to directly assess whether HDAg-L would interfere with clathrin-mediated endocytosis. COS7 cells were transfected with HDAg-expressing plasmids in the presence or absence of HBsAg. Two days posttransfection, cells were treated with Alexa 594-conjugated transferrin and subjected to immunofluorescence staining with antibodies against HDAgs. As shown in Fig. 6 , efficient transferrin uptake was observed in cells expressing HDAg-L, HDAg-S, or HDAg-S-d35/88 or coexpressing HDAg-S and HBsAg. In contrast, internalization of transferrin decreased to about 43% in cells expressing cytoplasm-localized HDAg-L-d35/88 and to about 34% in cells coexpressing HDAg-L and HBsAg. These results indicate that cytoplasm-localized HDAg-L may functionally block the clathrin-mediated endocytosis in mammalian cells through the CHC-binding site at its unique C-terminal domain. The failure of cytoplasm-localized HDAg-L to completely diminish the uptake of transferrin may be due to endocytosis mediated by a clathrin-independent pathway as described previously (37) .
Cytoplasm-localized HDAg-L delays the rate of ligand-induced EGFR degradation. Upon EGF induction, the canonical EGFR endocytosed and transferred to late endosomes for degradation. The process is clathrin-dependent (42) . Since previous studies have demonstrated an inhibitory effect of overexpressed clathrin adaptors on the degradation of EGFR (36) , possible effects of cytoplasm-localized HDAg-L interfering with the sorting of EGFR for transportation to the late endocytic compartment were examined in this study. COS7 cells were transfected with HDAg-encoding plasmids and stimulated with Alexa 555-conjugated EGF 2 days posttransfection. EGF-induced EGFR degradation was examined by immunoprecipitation-Western blot analysis with antibodies against EGFR and by quantitation of the EGFR-associated Alexa 555-conjugated EGF images. As shown in Fig. 7A , EGFR was mostly degraded in mock-transfected (Fig. 7A, lane 6) and HDAg-S-d35/88-expressing (Fig. 7A, lane 4) cells upon EGF stimulation. In contrast, significant amounts of EGFR (Fig.  7A, lane 2) and Alexa 555-conjugated EGF (Fig. 7B) were detected in cells expressing HDAg-L-d35/88. These results indicate that cytoplasm-localized HDAg-L down-regulated the degradation of EGFR. The kinetics of EGFR degradation was further examined by measuring the degradation rate of the EGFR-associated Alexa 555-conjugated EGF. As shown in Fig. 7C , a significantly lower turnover rate for EGF in cells expressing HDAg-L-d35/88 (half-life, Ͼ5 h) than for that in cells expressing HDAg-S-d35/88 (half-life, ϳ3.3 h) was observed. Coexpression of small HBsAg and HDAg-L also reduced the turnover rate of EGF to a level comparable to that for cytoplasm-localized HDAg-L-d35/88, whereas the turnover rates of EGF in cells expressing nucleus-localized HDAg-L and HDAg-S were similar to those in the HDAg-S-d35/88-expressing cells and the nontransfected control cells (Fig. 7C) . These data suggest that the interaction between CHC and cytoplasm-localized HDAg-L may interfere with the clathrinmediated trafficking of a ligand-bound receptor from early to late endosomes.
DISCUSSION
In this study, we have provided the first evidence that HDAg-L is a clathrin adaptor-like protein. HDAg-L shuttles from the nucleus to the cytoplasm (24) and associates with cytoplasmic small HBsAg (17, 44) . Results from the present study (Fig. 2 to 4) indicate that HDAg-L translocating to the cytoplasm may form complexes and colocalize with endogenous CHC. Conceivably, interaction with CHC may be related to the cytoplasmic localization of HDAg-L. In addition, we demonstrated that assembly of HDV with small HBsAg could be inhibited by a down-regulation of the clathrinmediated protein export pathway (Fig. 5) . Accordingly, we speculate that the interaction between HDAg-L and CHC described herein is functionally important in events guiding the assembly and release of HDV. Clathrin-mediated exocytosis is likely to be a specialized way of HDV assembly. It ensures a fast and specific retrieval of virion formation and may be regulated by a magnitude of accessory factors. However, it remains to be determined whether HDAg-L can function as an adaptor protein for conferring the sorting of special host cellular cargoes and the assembly and disassembly of clathrin.
The mechanisms responsible for the entry and release of HDV from cells coinfected or superinfected with HBV are poorly understood. Previous non-HDV studies have addressed several mechanisms involved in the endocytic internalization of animal viruses, such as adenovirus, influenza virus, reovirus, simian virus 40, and echovirus 1. The mechanisms include macropinocytosis, the clathrin-mediated pathway, the clathrinindependent pathway, the caveolar-dependent pathway, the cholesterol-dependent pathway, and the dynamin-2-dependent pathway (27) . The clathrin-dependent pathway is the most common pathway for viral infection, but little is known about the utilization of clathrin-mediated protein transport for viral assembly. In addition, hepadnaviruses have been proposed to bud intracellularly at post-ER, pre-Golgi (intermediate) membranes and/or proximal Golgi membranes (2, 3, 16, 41, 50) . Identification of the interaction between HDAg-L and CHC in this study indicates a role for clathrin in the life cycle of HDV and raises a new issue regarding utilization of host transport machinery in viral assembly. In Fig. 5 , we demonstrated that chlorpromazine, an inhibitor of clathrin-mediated endocytosis, had no effects on the packaging activity of HDV. Nevertheless, the packaging activity of HDV was inhibited by BFA and wortmannin. On the other hand, neither BFA nor wortmannin affected the assembly of small HBsAg. According to the findings from the current study and our previous studies (24, 47) , we propose that small HBsAg may form 22-nm subviral particles at post-ER, pre-Golgi (intermediate) membranes and/or proximal Golgi membranes, but not TGN, and secrete from cells. On the other hand, HDAg-L forms complexes with HDAg-S and viral genomic RNA (vRNPs) in the nucleus. It directs the vRNPs to the cytoplasm and forms infectious particles with HBsAg via interaction with CHC in the TGN lumen. HDV exit is mediated by the exocytosis of clathrin-coated vesicles. Molecular mechanisms involved in clathrin-mediated assembly and exocytosis of HDV need to be further elucidated.
Clathrin and adaptor proteins constitute the major components of the coated pits in host cells (35) . Adaptor proteins, which are highly conserved among diverse species, recruit cargoes through the clathrin box to coated pits (10). The putative clathrin box of HDAg-L identified in this study may compete for the binding of adaptor proteins to the CHC and result in a perturbation of clathrin-mediated endocytosis, trafficking, and exocytosis of host proteins. This hypothesis was first confirmed by the study of transferrin uptake in mammalian cells (Fig. 6) . Under normal physiological conditions, uptake of cellular iron is regulated by the clathrin-mediated transferrin/TfR pathway. Expression of cytoplasm-localized HDAg-L reduced the transferrin internalization, presumably resulting from the interference of CHC functions on the plasma membrane. In addition, cytoplasm-localized HDAg-L can inhibit the trafficking of a ligand-bound EGFR from early to late endosomes for degradation (Fig. 7) . On the other hand, since clathrin was demonstrated to be important for cell growth and secretion of proteins, including invertase in Saccharomyces cerevisiae (13, 31) , the yeast system was also applied to examine the possible effects of HDAg-L(198-210) on invertase production and secretion (data not shown). When sucrose was used as the sole carbon source, invertase was induced, rapidly transported to the plasma membrane, and released into the medium of wildtype yeast culture. Nevertheless, invertase secretion was blocked in the yeast clone expressing HDAg-L(198-210). Altogether, these data support the hypothesis that HDAg-L competes with clathrin-associated adaptor proteins in binding to CHC. The association of cytoplasm-localized HDAg-L with CHC may shift CHC into an inactive state in which it is no longer available to recruit cargoes and other components to form functional coated pits. The interaction may also lead to a hyperrecruitment or sequestration of CHC to different subcellular localizations that are no longer capable of regulating endosomal docking and motility.
HDV can dramatically worsen liver disease in patients coinfected or superinfected with HBV, but currently, there is no effective medical therapy for HDV-related chronic hepatitis. In this study, we have provided several lines of evidence that cytoplasmic HDAg-L interacts with host factor CHC in a highly specific manner. While functional roles for the clathrinHDAg-L interaction in natural HDV infection await further clarification, our data indicate that HDV can disrupt clathrinmediated protein transport. Clathrin-depleted cells were found to have a lower growth rate, but an increase in apoptosis was not observed (29) . Otherwise, clathrin is important for effective cytokinesis through construction of a functional contractile ring during cell division (30) . Fluorescence-activated cell sorting analysis revealed a progressive decline in the percentage of HDAg-positive cells due to growth disadvantage instead of apoptosis (45) . Cirrhosis development without nodular regeneration was observed in liver biopsy samples of HDV patients (40) . Therefore, the inhibitory effects of cytoplasmic HDAg-L on the biological functions of clathrin would be expected to impair liver regeneration, resulting in progressive chronic liver disease. Nevertheless, no pathogenesis was observed in transgenic mice expressing HDAg-S or HDAg-L alone (14) . It is possible that in the absence of HBsAg, both HDAgs localized to the nucleus in transgenic mice. As we have demonstrated in this study, only cytoplasm-localized, not nucleus-localized, HDAg-L blocks clathrin-mediated protein transport, and these results indicate that different subcellular localizations of HDAg-L may contribute differently to viral pathogenesis. Furthermore, understanding the molecular mechanisms of HDAg-L involved in the life cycle of HDV will allow us to comprehend the biological roles of HDV in human liver diseases. The present study also suggests HDAg-L as a new molecular target in treating disorders associated with liver injury and cirrhosis of HDV infection.
